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Introduction {#sec1}
============

At present there are no treatments to improve neurologic function of the injured spinal cord, beyond surgical decompression of the spinal cord and rehabilitation therapy. However, more efficacious treatments are urgently needed to promote long-term repair and recovery after spinal cord injury (SCI) to benefit people living with chronic motor, sensory, or autonomic deficits. Cell transplantation has long been considered a promising potential therapy to fill that niche ([@bib4], [@bib40]). As a candidate cell for SCI treatment, Schwann cells (SCs) possess many desirable properties that are known to promote regeneration and repair after CNS injury by a variety of possible mechanisms ([@bib4], [@bib10]). For example, SCs secrete trophic factors ([@bib20]) and form cellular conduits, similar to the bands of von Büngner found in a regenerating nerve ([@bib13]). These cellular conduits align rostro-caudally and attract and guide the growth of axons into and across the site of SCI ([@bib7], [@bib11]). In addition, SCs myelinate regenerating and spared CNS axons, provide neuroprotection ([@bib34]), and promote axonal growth/plasticity and concomitant functional recovery ([@bib12], [@bib43]). Finally, because SCs can be harvested from peripheral nerves and expanded *in vitro*, they are well suited for transplantation in the autologous setting.

To generate sufficient cells for autologous clinical application after SCI, peripheral nerve-derived SCs are typically harvested by excising a segment of sural nerve ([@bib2]). This procedure may result in sensory deficits and carries a risk of painful neuroma formation ([@bib21]). Those deficits/risks could be avoided by using an alternative, more accessible, source of SCs, such as those generated from skin-derived precursors (SKPs). SKPs are resident multipotent stem cells found in the dermis of mammalian skin. Similar to neural crest stem cells, SKPs can be isolated from neonatal/adult rodent and human skin and differentiated *in vitro* to produce SCs, known as SKP-SCs ([@bib41]; for more citations see [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}). Given that the harvest of skin is less invasive than that of nerve, SKPs may be a better source of SCs for autologous transplantation after SCI.

Previously, we demonstrated in rats that neonatal SKP-SCs generated from rodent skin and transplanted either acutely (immediately) after cervical crush injury or sub-acutely (1 week) after thoracic contusion into the site of SCI survived and promoted repair and functional recovery ([@bib8], [@bib36]). In addition, we found that acute (immediately post-injury) transplantation of SCs isolated from either neonatal rat nerve or skin-derived precursors promote repair and functional recovery after cervical crush injury ([@bib36]). Here, we took the next logical step and examined their efficacy in the chronic injury setting. This approach is arguably the most clinically relevant and feasible in clinical trials. Chronic transplantation allows for stabilization of neurological function after SCI and any effects are easier to detect. Delaying treatment also gives time for patients to make informed decisions regarding trial participation ([@bib22]) and for the generation of a sufficient number of cells for autologous transplantation. These considerations have been taken into account in the planning of a recent autologous SC trial in the US ([@bib2]). However, promoting effective CNS repair in the chronic injury setting is challenging, as the few pre-clinical transplantation studies that have been undertaken with different cell types had no or marginal success to establish functional improvements unless the cells were used in combination with other treatments. Here we transplanted neonatal SKP-SCs generated from rat skin directly into the lesion site 8 weeks after thoracic spinal cord contusions in adult rats. To confirm long-term survival and functional outcomes, and exclude adverse effects, we examined locomotor outcomes up to 27 weeks post-injury (wpi) and anatomical repair at 29 wpi; which is longer than any previous chronic transplantation study. The goal of this experiment was to provide proof-of-principle for the potential of SKP-SCs (without co-treatments) to promote repair and functional recovery in the chronic SCI setting. We report that SKP-SCs survived long-term at the site of chronic SCI, integrated into the host spinal cord and mitigated astroglial scar formation, promoted axonal growth and ensheathment/myelination, and stimulated a massive increase in the presence of endogenous SCs. Importantly, SKP-SC transplantation elicited better functional outcomes and improved bladder pathology.

Results {#sec2}
=======

Transplanted SKP-SCs Survive and Bridge the Chronic SCI Lesion {#sec2.1}
--------------------------------------------------------------

The experimental timeline is summarized in [Figure 1](#fig1){ref-type="fig"}A. GFP+ neonatal SKP-SCs were prepared for transplantation and 98.4% of the labeled cells were SCs as demonstrated by colocalization with S100β. Rats received either a neonatal SKP-SC transplantation or a medium injection at 8 weeks post-SCI, underwent regular behavioral tests throughout the study, and were perfused at 21 weeks post-transplant or 29 weeks post-SCI. The time of transplant (TofT) control group was perfused at 8 weeks post-SCI to assess the injury site at the time of treatment. Eight weeks after SCI in the TofT control group, the lesion site was prominent, and filled with residual tissue (much of which is IBA1+) and GFAP+ tissue strands indicative of reactive astrocytes ([Figure 1](#fig1){ref-type="fig"}B). Importantly, we observe variability from animal to animal in the cavity size, lesion size, existing substrate, and extent of debris at injury epicenter at the time point at which the cells would have been transplanted. At 29 wpi, lesion sites in cell culture medium-injected rats displayed large empty cavities that were walled off by a sharp border of GFAP+ astrocytes ([Figure 1](#fig1){ref-type="fig"}C). In contrast, in animals that received SKP-SCs, the lesion site was spanned by bridges of GFP+ cells ([Figure 1](#fig1){ref-type="fig"}D). In sections immunostained for GFP to enhance visibility (e.g., [Figure 1](#fig1){ref-type="fig"}E) and with nuclear staining, GFP+ cells were present in the spinal cord in all animals, although there was a high degree of variability in cell numbers. Eight of 15 animals that received SKP-SCs contained 70--120,000 GFP+ cells, whereas four animals had 20--70,000 cells, and three rats had fewer than 20,000 cells left in their spinal cords at 21 weeks post-transplantation ([Figure 1](#fig1){ref-type="fig"}F). The majority of the SKP-SCs displayed predominant rostro-caudal orientation deviating (on average) not more than 25°--30° from the rostro-caudal axis of the spinal cord and immunostaining for KI67 indicated minimal proliferation (\<0.1%) of the transplanted cells ([Figure S1](#mmc1){ref-type="supplementary-material"}).Figure 1SKP-SC Grafts Survive *In Vivo* in the Chronically Injured Spinal Cord(A) Experimental timeline.(B--D) Photomicrographs of GFAP-immunostained contused spinal cords from a TofT control animal (B), a medium-injected control animal (C), and a SKP-SC transplanted animal (D). (B) At 8 wpi, the lesion is filled with both IBA1+ macrophages/microglia (teal in B′, arrows) and some residual GFAP+ (red in B and B′) host tissue. (C) By 29 wpi, the representative medium control spinal cord has developed a large fluid-filled cavity. (D) SKP-SCs (GFP+) integrate into the lesion sites and bridge the cavity.(E) High-magnification image of GFP+ SKP-SCs.(F) SKP-SC counts at 29 wpi for all transplanted rats. Dotted line represents the 70,000-cell level.(G) The mean lesion volume was similar among the three main groups.(H) Mean thickness of intact-appearing GFAP+ tissue per group. Note that the TofT control group (8 wpi) had significantly less intact-appearing tissue than the medium (^∗^p = 0.028) and SKP-SC (^∗^p = 0.003) groups (29 wpi). See also [Figures S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}. In (G) and (H): SKP-SC, n = 15; medium, n = 13; TofT, n = 8. Data represented as mean ± SEM. ANOVA with least significant difference (LSD) post-hoc test in (G) and (H). Scale bars: 200 μm in (B)--(D), 20 μm in (Bʹ), and 10 μm in (E).

SKP-SC Transplantation Increases Intact-Appearing Tissue around the Chronic Injury Site {#sec2.2}
---------------------------------------------------------------------------------------

We defined the lesion site as tissue with absent or disrupted cytoarchitecture as revealed by GFAP-immunostaining of the host astrocytes. Hence, the lesion volume measures the destroyed and/or grossly abnormal spinal cord tissue, including the cavity volume. We saw no differences in lesion volume across the groups ([Figure 1](#fig1){ref-type="fig"}G). To assess the amount of intact-appearing tissue surrounding the SCI site, we measured residual GFAP+ spinal cord tissue with intact-appearing cytoarchitecture in the spared rim as well as within the lesion. At 29 wpi, both SKP-SC- and medium-treated animals had significantly more intact-appearing tissue at the lesion epicenter than TofT controls ([Figure 1](#fig1){ref-type="fig"}H), indicating an expansion of intact-appearing tissue between 8 and 29 wpi. The amount of intact-appearing tissue was significantly different between the SKP-SC- and medium-treated animals only when high survival of transplanted SKP-SCs was observed ([Figure S2](#mmc1){ref-type="supplementary-material"}; [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}).

SKP-SCs Integrate into Spinal Cord Tissue, Mitigate the Formation of the Glial Scar, and Provide a Permissive Substrate for Axon Growth {#sec2.3}
---------------------------------------------------------------------------------------------------------------------------------------

A major contributor to regeneration failure after SCI is the glial and fibroblastic scar ([@bib16], [@bib18]), although certain aspects of these cellular responses can be beneficial ([@bib3]). At 8 wpi, a loose mesh of astrocytic processes bordered and extended into the site of SCI, and the lesions were commonly filled with phagocytic cells and residual tissue septae ([Figure 2](#fig2){ref-type="fig"}A). By 29 wpi, in the medium control group, most residual tissue had cleared, and the lesions were characterized by "empty" cavities, presumably fluid-filled *in vivo*, with sharply demarcated borders exhibiting increased GFAP expression ([Figures 2](#fig2){ref-type="fig"}B, 2K, and 2L). In contrast, at 29 wpi in the SKP-SC group, host astrocytes extended multiple fine processes into the SKP-SC transplant, particularly at the rostro-caudal boundaries of the lesion site ([Figures 2](#fig2){ref-type="fig"}C--2F, 2K, and 2L).Figure 2SKP-SCs Mitigate the Formation of the Chronic Glial Scar(A--C) Photomicrographs showing the differences in astrocyte organization and reactivity in the (A) TofT, (B) medium-injected, and (C) SKP-SC groups.(D) Same as (3C) together with the GFP+ SKP-SCs (green). Note that ^∗^ denotes area filled with endogenous myelinating and non-myelinating SCs (SC markers not shown in image).(E and F) Insets of astrocyte processes overlapping in close proximity with SKP-SCs (arrowheads) at the rostral (E) and caudal (F) host-graft interfaces in (D).(G) Average GFAP (astrocyte) intensity traces depicted as line drawn in (A)--(C) representing the transition from the lesion to the host parenchyma for the three groups.(H) Bar graphs representing the mean area under the curve for the waveforms shown in (G). Note the lower GFAP immunoreactivity in the TofT group versus medium (^∗^p \< 0.001) and SKP-SC (^∗^p = 0.019) groups, and in the SKP-SC group versus medium group (^∗^p = 0.030).(I) GFAP intensity traces in proximity to SKP-SCs, endogenous SCs, or no-SCs (cavity) in SKP-SC transplanted spinal cords.(J) Bar graphs representing the mean normalized maximum GFAP pixel intensity in each line used to generate the waveforms shown in (I). Note the lower GFAP intensity in locations next to SKP-SCs compared with areas next to the cavity (no-SCs; ^∗^p = 0.01) or next to endogenous SCs (trending toward significance; +p = 0.051).(K) Photomicrographs of laminin immunoreactivity at the rostral lesion-host spinal cord interface at 29 wpi. In the medium-treated group, laminin immunoreactivity is largely associated with blood vessels whereas in the SKP-SC transplanted group laminin is widely expressed throughout the graft site containing SKP-SCs and in the surrounding parenchyma.(L) Lesion-host spinal cord interface at 29 wpi in the SKP-SC and medium groups, immunolabeled for GFAP, neurocan, the pan-CSPG marker CS56, and GFP of the same region of interest; note the minimal glial scar formation with very little CSPG expression in the SKP-SC transplanted spinal cord. In (G)--(J): SKP-SC, n = 15; medium, n = 15; TofT, n = 8. Data represented as mean ± SEM in (H) and (J). ANOVA with LSD post-hoc test in (H) and repeated measures ANOVA with paired t tests in (J). Scale bars: 200 μm in (A)--(D), 20 μm in (E) and (F), 100 μm in (K), and 50 μm in (L).

Densitometric analysis (along the white line spanning the cavity-parenchyma interface in [Figures 2](#fig2){ref-type="fig"}A--2C) revealed significantly higher GFAP expression in both 29 wpi groups compared with the TofT control group, indicating that reactive gliosis increases over time after SCI ([Figures 2](#fig2){ref-type="fig"}G and 2H). Progressive gliosis was mitigated in SKP-SC-treated animals; GFAP expression was reduced compared with medium-only controls ([Figures 2](#fig2){ref-type="fig"}G and 2H). In SKP-SC-treated rats, GFAP intensity was high adjacent to regions of cavitation and close to endogenous SCs, and reduced in astrocytes neighboring SKP-SCs ([Figure 2](#fig2){ref-type="fig"}I; quantified in [Figure 2](#fig2){ref-type="fig"}J). These effects of SKP-SCs delivered in chronic SCI are similar to our observations following sub-acute transplantation ([@bib8]).

SKP-SCs also provided a more permissive growth substrate. In medium-treated controls, laminin, which is expressed by SCs in peripheral nerves, was typically restricted to blood vessels in the spinal cord and to the host SCs present in the spared tissue margin of the lesion site ([Figure 2](#fig2){ref-type="fig"}K, top row). In contrast, in SKP-SC-treated animals, the spinal cord tissue displayed extensive laminin immunoreactivity. Laminin was expressed both within the transplants and in the host tissue bordering the SKP-SC bridges where many of the laminin+ cells were GFP− endogenous SCs expressing P75NTR ([Figure 2](#fig2){ref-type="fig"}K, bottom row).

Integration of SKP-SCs and reduced GFAP immunoreactivity led us to ask whether these differences reflected a change in the inhibitory nature of the glial scar. Inhibitory proteins associated with the glial scar, including neurocan and chondroitin sulfate proteoglycan (CSPG) (CS56 labeling), were expressed in a sharply demarcated boundary around lesion cavities in the medium controls ([Figure 2](#fig2){ref-type="fig"}L, top row), but not at the interface of SKP-SC grafts and host tissue ([Figure 2](#fig2){ref-type="fig"}L, bottom row) suggestive of a difference in CSPG expression and good integration.

SKP-SCs Promote Growth/Regeneration of Host Axons {#sec2.4}
-------------------------------------------------

To determine whether SKP-SC transplantation enhances axon growth, we first examined spinal cord sections immuno-labeled with antibodies against large- and small-caliber axons (NF-200/βIII-tubulin) in animals with high cell survival (above the gray line in [Figure 1](#fig1){ref-type="fig"}F). At 8 wpi, some spared host tissue bridged the lesion site and contained small bundles of axons running in a rostro-caudal orientation ([Figures 3](#fig3){ref-type="fig"}A and 3B). By 29 wpi, lesions in medium-treated controls were characterized by tightly demarcated cavities with only rare host tissue septae still containing some axons ([Figures 3](#fig3){ref-type="fig"}C and 3D). In contrast, SKP-SC-treated rats with high numbers of surviving SKP-SCs contained many axons extending through SKP-SC bridges, most of which also maintained a rostro-caudal orientation ([Figures 3](#fig3){ref-type="fig"}E, 3F, and 3M). The average number of axons within a single confocal plane at the lesion epicenter of the spinal cord (counted along the blue stippled line in [Figures 3](#fig3){ref-type="fig"}A, 3C, and 3E; i.e., with the spared rim included) was less than 140 in medium control animals at 29 wpi. There were twice as many axons present after SKP-SC transplantation, mostly in the cell bridges crossing the lesion ([Figure 3](#fig3){ref-type="fig"}G).Figure 3SKP-SCs Promote Axonal Growth/Regeneration into the Chronic Lesion(A--F) Representative photomicrographs of axons (NF-200/βIII-tubulin) at low (A, C, and E; red) and high (B, D, and F; boxed regions from A, C, and E; white) magnification for the TofT (8 wpi; A and B), medium (29 wpi; C and D), and SKP-SC (29 wpi;E and F) groups. Blue dotted blue lines in (A), (C), and (E) represent the narrowest point through the lesion where axon counts were conducted shown in (G)--(I); yellow dashed lines in (E) indicate the regions used for axon counts in the rostral, middle, and caudal region of the lesion ([Figures S3](#mmc1){ref-type="supplementary-material"}F--S3I).(G--I) Average NF-200/βIII-tubulin+ (G), TH+ (H), and SERT+ (I) axon numbers were counted in animals with high graft survival (above the gray line in [Figure 1](#fig1){ref-type="fig"}F) within a single confocal plane and compared with controls. (G) Note more than twice as many NF-200/βIII-tubulin+ axons in the SKP-SC group compared with the medium (^∗^p = 0.008) or TofT groups (^∗^p = 0.008), and significantly more axons in the medium versus the TofT group (^∗^p = 0.032). (H) More TH+ axons were counted in the SKP-SC group compared with the medium (^∗^p = 0.008) and TofT groups (^∗^p = 0.008). (I) There were also significantly more SERT+ axons running through the narrowest part of the cord in the SKP-SC group compared with the medium (^∗^p = 0.008) and TofT groups (^∗^p = 0.008), and more SERT+ axons in the medium group compared with the TofT group (^∗^p = 0.008).(J--L) Photomicrographs of TH+ axon (red) growth through the SKP-SC grafted lesions at 29 wpi. (K and L) A large number of descending TH+ axons enter the graft (J and K) and a small number of those axons leave the caudal end of same graft and re-enter the host (arrows, J and L).(M) Representative photomicrograph demonstrating the large number of axons within the SKP-SC graft at 29 wpi.(N) Representative photomicrograph showing TH+ axons and SERT+ axons near the rostral host-graph interface. In (G)--(I): SKP-SC, n = 5; medium, n = 5; TofT, n = 5; see [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}. Individual data points for each animal are presented with group medians indicated by solid black lines in (G)--(I). Kruskal-Wallis with Mann-Whitney U test (MWU) in (G), (H), and (I). [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"} Scale bars: 200 μm in (A), (C), and (E), 100 μm in (J), 50 μm in (B), (D), (F), (K), and (L), and 20 μm in (M) and (N).

When we examined specific populations of TH+ and SERT+ axons, more were found at the lesion site in the SKP-SC-treated animals compared with both control groups ([Figures 3](#fig3){ref-type="fig"}H--3L, and 3N). Predictably, there were more TH+ and SERT+ axons at the rostral and middle levels of the SKP-SC bridges than the caudal level (counted at the yellow lines shown in [Figure 3](#fig3){ref-type="fig"}E), reflecting their origin from the brainstem ([Figure S3](#mmc1){ref-type="supplementary-material"}). Numerous SERT+ and TH+ axons had advanced to the caudal host interface and a small number crossed this interface and entered the caudal spinal cord where they appeared to stop within several hundred microns ([Figures 3](#fig3){ref-type="fig"}J and 3L). The tortuous appearance of those axons, taken together with the rostro-caudal gradient in their density, suggests that these monaminergic axons had grown through the SKP-SC bridges but we cannot know for certain whether the axons exited the grafts in the absence of tract tracing. There were no differences in the total number of axons (NF-200/βIII-tubulin) or CGRP+ axons across these rostro-caudal levels ([Figure S3](#mmc1){ref-type="supplementary-material"}). Of note, peptidergic sensory axons expressing substance P or CGRP represented \<3% of all the axons in these grafts ([Figure S3](#mmc1){ref-type="supplementary-material"}).

SKP-SCs Myelinate Axons in the Chronically Injured Spinal Cord {#sec2.5}
--------------------------------------------------------------

To determine whether transplanted SKP-SCs myelinated axons, we performed triple labeling for GFP, P0, and axons (NF-200/βIII-tubulin; [Figures 4](#fig4){ref-type="fig"}A--4C). We found clear evidence of ensheathment/myelination by SKP-SCs. At 29 wpi, 73% of the SKP-SCs were myelinating, as defined by the formation of a thin GFP+ cytoplasmic layer surrounding P0+ myelin ensheathing a NF-200+ or βIII-tubulin+ axon. Ensheathment/myelination was further confirmed by immuno-labeling for KV1.2 ([Figures 4](#fig4){ref-type="fig"}D and 4E), the main potassium channel in the juxtaparanodal axon membrane and CASPR ([Figures 4](#fig4){ref-type="fig"}F and 4G), which contributes to the septate junctions between the axon and the paranodal loops of myelin-forming SCs. SKP-SCs and endogenous SCs were generally found in areas with abnormal or absent astrocyte cytoarchitecture, which tended to be devoid of oligodendrocyte myelin. About half (52%) of the axons that had grown into the SKP-SC bridges were wrapped in P0+ myelin.Figure 4SKP-SCs Myelinate Axons(A--C) Close-up micrograph of an SKP-SC bridge demonstrating the formation of SC myelin (P0, red) around host axons (combined NF-200 and βIII-tubulin, blue) by GFP+ SKP-SCs (green). (C) Note the cell body of the SKP-SC (arrow) and the layers of P0 (arrowhead) sandwiched between the axon and the GFP+ cytoplasm in the outer layer of the SKP-SC.(D--G) Photomicrographs of axons ensheathed by GFP+ SKP-SCs and immunostained for KV1.2+ potassium channels (D and E) and CASPR (red in F and white in G). Note that SKP-SC-ensheathed axons showed appropriate nodal structures, including nodes of Ranvier (arrows, D--G) with ribbon-like labeling of the paranode by CASPR (arrowheads, F and G) and the juxtaparanode by KV1.2 (arrowheads, D and E) on either side of the node. Scale bars: 20 μm in (A), (B), and (G), 10 μm in (C) and (F), and 5 μm in (D) and (E).

SKP-SC Transplantation Augments Spontaneous Repair by Endogenous SCs {#sec2.6}
--------------------------------------------------------------------

In our previous studies ([@bib8], [@bib36]), SKP-SC transplantation prompted an increase in endogenous myelinating SCs occupying the spinal cord. This potential repair mechanism is of interest considering recent work suggesting that centrally derived platelet-derived growth factor receptor alpha+ (PDGFRα) oligodendrocyte precursor cells (OPCs) give rise to SCs after demyelination ([@bib45]) and contusion SCI ([@bib5]). To address the endogenous SC response in this study, we examined spinal cord sections for GFP− (i.e., host) myelinating (P0+) and non-myelinating (P75NTR+) SCs.

P0+ SC myelin was often encountered in the lesion walls and the residual tissue strands in and around the lesions in the TofT ([Figure 5](#fig5){ref-type="fig"}A) and medium ([Figures 5](#fig5){ref-type="fig"}B and 5F) control groups. However, more P0+ myelin sheaths were found in animals that received SKP-SCs ([Figures 5](#fig5){ref-type="fig"}C--5D and 5G). In SKP-SC-treated animals, myelin sheaths were SKP-SC-derived (P0+, GFP+) or host SC-derived (P0+, GFP−); there were more host SC-derived myelin sheaths in SKP-SC-treated animals, even when SKP-SC survival was limited ([Figure 5](#fig5){ref-type="fig"}D). There was no correlation between the GFP+ volume and the total P0+ volume (r = 0.030, p = 0.916) in the SKP-SC-treated group. Importantly, this suggests that even the transient presence of SKP-SCs within the injured spinal cord enhanced the endogenous SC response. GFP+ SKP-SCs accounted for a relatively small proportion of the P0 myelin by volume, as only 9.6% of the overall P0 volume in animals that received SKP-SCs overlapped with GFP+ cells (green portion of bar in [Figure 5](#fig5){ref-type="fig"}I). Hence, endogenous SCs generated the clear majority of P0 myelin found 29 weeks after SKP-SC transplantation (black portion of bar in [Figure 5](#fig5){ref-type="fig"}I).Figure 5The SKP-SC Group Contains Significantly More SC Myelin and Non-myelinating SCs(A--D) Overview micrographs of the spinal cords from the TofT (A), medium-injected (B), and the GFP+ SKP-SC transplanted (C) group immunostained for P0, GFAP, and GFP. (C and D) Note the extensive presence of P0+/GFP− myelin produced by endogenous SCs in the spinal cord of animals with both high (C) (\>70,000 SKP-SCs at 29 wpi) or low (D) (\<50,000 SKP-SCs at 29 wpi) survival of transplanted SKP-SCs.(E) Abundant presence of endogenous non-myelinating SCs expressing P75NTR (labelled as P75) in the absence of GFP, often observed in close proximity to GFP+ SKP-SC grafts.(F) Note the presence of P0+ myelin generated by endogenous (GFP−) SCs in a medium-injected spinal cord.(G) High-magnification photomicrograph of axons (NF-200/βIII-tubulin) ensheathed by either GFP+ SKP-SCs (arrow) or GFP− endogenous SCs (arrowhead).(H) Non-myelinating P75NTR+ SCs derived from transplanted GFP+ SKP-SCs (arrow) within the lesioned spinal cord at 29 wpi.(I) Quantification of P0+ volumes by treatment groups; the green segment denotes the mean volume of P0+/GFP+ SKP-SCs. The SKP-SC group had significantly greater SC myelin volume (black and green bar combined) than both the medium (^∗^p = 0.005) and the TofT control (^∗^p \< 0.001) groups. Importantly, the mean volume of P0+/GFP− endogenous SCs was higher in the SKP-SC group (black portion of bar) than in the medium group (gray bar; ^∗^p = 0.038). There was no difference observed between the TofT control and medium control groups (trending toward significance; +p = 0.068).(J) Distribution of P0+ myelin inside the lesion versus outside the lesion, i.e., in the spared host rim. P0+ volume in the SKP-SC group was greater than the TofT control group both inside (^∗^p = 0.001) and outside (^∗^p = 0.006) of the lesion, and greater than the medium group inside the lesion (^∗^p = 0.005). The TofT control group showed significantly greater P0+ volumes outside the lesion as compared with inside (^∗^p = 0.002); the medium group showed no difference (trending toward significance; +p = 0.067).(K) The SKP-SC group trended toward larger p75NTR+ volumes versus the medium group (+p = 0.074).(L) Both the SKP-SC and medium groups showed significantly greater P75NTR+ volume inside the lesion compared with outside (^∗^p = 0.002 and ^∗^p = 0.014, respectively); the SKP-SC group approached statistical significance toward a higher p75NTR+ volume versus the medium group inside the lesion only (+p = 0.057). In (I)--(L): SKP-SC, n = 15; medium, n = 15; TofT, n = 8. Individual data points for each animal presented with group medians indicated by solid black lines in (K) and data presented as means ± SEM in (I), (J), and (L). ANOVA with LSD post-hoc test in (I) and (J), paired t test in (J) and (L), MWU in (K), and t test in (L). Scale bars: 200 μm in (A)--(F) and 10 μm in (G) and (H).

We also analyzed the location of SC-derived myelin at the level of injury in all groups and found that both the TofT and medium control groups had more endogenous SC myelin in the spared tissue than in the lesion site ([Figure 5](#fig5){ref-type="fig"}J). In contrast, the SKP-SC group exhibited similar amounts of SC myelin in both locations. SKP-SC-treated animals showed a larger P0 volume inside the lesion site than either control group, and a larger P0 volume outside the lesion compared with the TofT control group only ([Figure 5](#fig5){ref-type="fig"}J). Interestingly, the amount of intact-appearing tissue positively correlated with overall P0 volume (r = 0.502, p \< 0.001), P0 volume inside the lesion (r = 0.429, p = 0.009), and P0 volume outside the lesion (r = 0.557, p \< 0.001), suggesting that sparing or survival of host tissue is associated with greater SC myelin content in the injured spinal cord.

P75NTR is highly expressed in non-myelinating SCs and we found bright P75NTR+ cells with the characteristic spindle-shaped morphology of non-myelinating SCs in the spared host tissue of all groups ([Figures 5](#fig5){ref-type="fig"}E and 5H). In SKP-SC-transplanted rats, most of the P75NTR+ cells in the tissue rim were GFP− endogenous SCs, whereas those in the lesion bridges were often GFP+ transplanted cells ([Figure 5](#fig5){ref-type="fig"}H). Approximately 9% of the total P75NTR+ volume was GFP+. Quantitative examination of P75NTR expression bore results like those for P0; the P75NTR volume correlated with the amount of intact-appearing tissue (r = 0.388, p = 0.042), suggesting that increased intact-appearing host tissue is associated with enhanced SC content in general, not just increased SC ensheathment/myelination.

Transplantation of SKP-SCs 8 wpi Results in Better Locomotor Outcomes {#sec2.7}
---------------------------------------------------------------------

Having established that SKP-SC transplants promote histological repair in chronic SCI, we asked whether these cells also enhanced functional locomotor recovery. The BBB (Basso, Beattie, and Bresnahan) scores in both groups showed spontaneous locomotor recovery from the time of contusion SCI to the TofT (8 wpi), and no functional decline was observed in the weeks after SKP-SC transplantation or medium injection. A repeated measures ANOVA indicated that the difference between the medium and SKP-SC groups changed over the last 16 weeks of the study with a significant group difference at weeks 19 and 21 ([Figure 6](#fig6){ref-type="fig"}A). The amount of P0 expression outside the lesion correlated with the BBB scores at 27 wpi (r = 0.648, p = 0.009).Figure 6Transplantation of SKP-SCs after Chronic SCI Improves Locomotor Outcomes and Bladder Wall Pathology(A) SKP-SC transplanted animals reached higher mean open field locomotion (BBB) scores than the medium-injected controls. A repeated measures ANOVA examining weeks 12--27 showed a significant interaction (^∗^p = 0.032), indicating that the difference between those two groups changed over time during that period. Follow-up testing revealed significantly higher BBB scores in the SKP-SC group at weeks 19 (^∗^p = 0.012; t test) and 21 (^∗^p = 0.026; t test).(B and C) A repeated measures ANOVA of CatWalk footprint analysis over the last 16 weeks yielded a significant interaction in normalized forelimb (^∗^p = 0.046; B) and hindlimb stride length (^∗^p = 0.032; C). (B) Normalized forelimb stride length was significantly greater for SKP-SC-treated animals (compared with medium control) at 16, 18, 20, and 24 wpi (p \< 0.013; t test) and showed a trend toward significance at 22 wpi (+p = 0.069; t test). (C) Normalized hindlimb stride length showed significant differences at every time point between 16 and 26 wpi (^∗^p \< 0.039).(D and E) Representative (near-median values) photomicrographs of bladder wall stained with cresyl violet from the medium control group (D) and the SKP-SC transplanted group (E).(F) Quantification of average bladder wall thickness at the thickest point yielded that the SKP-SC group had significantly thinner bladder walls than the medium-treated group (^∗^p = 0.001; MWU).(G and H) Scatterplots of bladder wall thickness at the thickest point versus average BBB score (G) or average BBB subscore (H) from week 17 to 27 for both medium (gray squares) and SKP-SC (black dots) groups. Bladder wall thickness showed a significant negative correlation to both BBB and BBB subscore (Spearman\'s rho = −0.414 and −0.425, p = 0.036 and 0.030, respectively), i.e., animals with better locomotor function also had thinner bladder walls. See also [Figure S4](#mmc1){ref-type="supplementary-material"} for further behavioral outcomes. In (A)--(C): SKP-SC, n = 15; medium n = 15 and in (F)--(H): SKP-SC, n = 12; medium, n = 14. Data presented as group means ± SEM in (A)--(C) and individual data points for each animal are presented with group medians indicated by solid black lines in (F) and the line of best fit indicated by the solid black lines in (G) and (H). Scale bars, 100 μm in (D) and (E).

To complement the open field measurements, we performed Catwalk gait analysis. Average forelimb stride length was ∼140 mm pre-injury, dropped to 100 mm post-injury, and remained at that value in the medium group at 26 wpi. In contrast, in rats receiving SKP-SC, stride length recovered partially to 108 mm at 26 wpi. Repeated measures ANOVA revealed that the difference between the medium and SKP-SC groups changed for both forelimb and hindlimb stride length (normalized to each animal\'s pre-treatment values) over the last 16 weeks of the study with a significant group difference indicated at each time point denoted with an asterisk ([Figures 6](#fig6){ref-type="fig"}B and 6C). Thus, the SKP-SC group maintained longer forelimb and hindlimb stride lengths compared with the medium-only group, which showed a further decline in the hindlimbs ([Figure 6](#fig6){ref-type="fig"}C). The injury itself affects hindlimb motor and sensory function but a decrease in hindlimb stride length results in a compensatory decrease in forelimb stride length ([Figure 6](#fig6){ref-type="fig"}B). SKP-SC treatment also resulted in a reduced angle of hindlimb paw rotation and a decreased frequency of abnormal gait patterns compared with the medium-only group ([Figure S4](#mmc1){ref-type="supplementary-material"}). No significant differences were detected on hindlimb print width or intensity parameters, the BBB subscore, or the horizontal ladder analysis ([Figure S4](#mmc1){ref-type="supplementary-material"}).

SKP-SC Transplantation Reduces Bladder Pathology Observed after SCI {#sec2.8}
-------------------------------------------------------------------

Autonomic dysfunction is a major concern after SCI and improving bladder function has been ranked a high priority among people living with SCI ([@bib1]). Although all rats regained spontaneous micturition weeks after injury, ongoing bladder deficits do persist. We can speculate that the T9/T10 contusion injury may damage supraspinal tracts for bladder control and/or a subset of the sympathetic neurons that originate from the spinal cord. We conducted post-hoc histological analysis of the bladder wall to examine the effects of SKP-SC transplantation on bladder pathology. Qualitative examination revealed bladder wall "thickenings" in the medium-treated animals ([Figure 6](#fig6){ref-type="fig"}D) that were absent in animals transplanted with SKP-SCs ([Figure 6](#fig6){ref-type="fig"}E). Measurements of the thickest point revealed that bladder walls of medium-treated rats were almost twice as thick as SKP-SC-treated rats ([Figure 6](#fig6){ref-type="fig"}F). These bladder wall thickenings are typical of bladder-sphincter dyssynergia and/or a lack of inhibitory supraspinal input causing detrusor over-activity ([@bib14]), suggesting that these issues play less of a role after SKP-SC transplantation. The bladder wall thickness was negatively correlated with both BBB and BBB subscore (Spearman\'s rho = −0.414 and −0.425, p = 0.036 and 0.030, respectively, [Figures 6](#fig6){ref-type="fig"}G and 6H). For a full list of relevant correlations, see [Table S2](#mmc1){ref-type="supplementary-material"}.

Discussion {#sec3}
==========

SKP-SCs transplanted 8 weeks after a thoracic spinal cord contusion survive for more than 5 months at the site of chronic SCI, integrate with spared host tissue, and promote several types of neural repair, including axonal growth/regeneration and SC ensheathment/myelination. Endogenous SCs exhibited a substantial reparative response, which was enhanced by transplanted SKP-SCs. Importantly, SKP-SC transplantation at chronic stages of SCI spurred the growth/regeneration of supraspinal axons into and through the bridges of grafted cells, improved locomotor function, and reduced bladder pathology. The translational relevance of this study is strengthened by our experimental approaches which include (1) the use of a clinically relevant contusion model; (2) the use of a delay in intervention (8 wpi; chronic transplantation), which provides a reasonable time frame for translation with regards to optimal clinical trial design; and (3) the decision to follow the animals for more than 5 months after intervention allowing us to define ongoing histological and behavioral changes. Together, our findings suggest that SKP-SCs represent a promising intervention for SCI, with the potential to confer benefits in the chronic setting.

Our estimates indicate that up to 12% of the transplanted SKP-SCs survived in the host spinal cord for 21 weeks post-transplantation. However, this likely represents an underestimate, as we did not account for cells lost during the transplantation process, which may have been ∼20% according to previous findings ([@bib19]). The extensive integration of SKP-SCs observed at the endpoint was unexpected and prompted us to analyze the injury site at 8 wpi in the TofT control group to better understand the environment encountered by the transplanted cells.

At 8 wpi the lesion was full of mononuclear cells (many of which were IBA1+), lacked a dense glial scar, and contained numerous GFAP+ processes as well as small bundles of axons that ran rostro-caudal through the site of injury on either side of the ventral fissure. We observed considerable variability in lesion size, cavity size, and the amount of existing substrate in the TofT control group. The substantial number of rostro-caudal oriented spared axons, together with astrocytic processes, may have provided a suitable substrate for SKP-SCs and endogenous SCs in this study aiding to bridge the lesion sites.

Axons are known to grow into and within nerve-derived SC grafts, but they tend to struggle to leave those grafts and grow back into the astrocyte-rich host parenchyma also known as "off-ramp" problem ([@bib43]). Despite the disruption of normal GFAP cytoarchitecture at the lesion site, SKP-SC and astrocyte processes often intermingled at the transplant-host interface and it was noted that SKP-SCs trended towards inducing less GFAP expression in adjacent astrocytes than endogenous SCs near the injury site. This arrangement appeared to provide a permissive growth environment for axons entering and exiting the grafts. Importantly, such permissive SC graft/spinal cord interfaces have only been observed previously for nerve-derived SC transplants combined with Matrigel ([@bib44]) or engineered to overexpress GDNF ([@bib15]). Of the thousands of axons found in SKP-SC bridges, ∼40% were of brainstem origin (based on immunolabeling for TH and SERT). The presence of TH+ axons at the caudal transplant-host interface was surprising, considering that the growth/regeneration of supraspinal axons in response to nerve-derived SCs typically requires the addition of co-treatments (i.e., other cells, drugs, biomaterials, or trophic support; for review see [@bib4], [@bib11], [@bib40]). While this may reflect an advantage of SKP-SCs over nerve-derived SCs, it is important to note that, in the absence of tract tracing, the exiting and connectivity of those TH+ axons, and thus their contribution to functional recovery, remained uncertain in this study.

The increase in intact-appearing rim tissue between 8 and 29 wpi was unexpected and may be due in part to the release of a second wave of injury-related factors (e.g., cytokines) triggered by the transplantation surgery or increases in spinal cord area associated with growth. Given the state of the lesion site at 8 wpi, it remains unclear whether the thickening of the rim over time was the result of neuroprotective or reparative mechanisms, as the sparing and remyelination of denuded axons and the growth and myelination of new axons may both have contributed. Resident OPCs can give rise to new oligodendrocytes, and in the mouse 30% of the myelin is *de novo* generated by 12 wpi ([@bib5]); combined with the increase in P0+ SC myelin during that time, this could explain the increased rim thickness observed. The fact that rim thickness was more pronounced in the SKP-SC large transplant subgroup at 29 wpi may be due to increased axonal growth/regeneration, as that group had a higher number of axons in intact-appearing tissue than either the medium-treated or TofT control groups. In addition, replacement of oligodendrocyte myelin by SC myelin may have contributed to thicker rims (particularly in the SKP-SC group), as SC myelin is known to occupy more space than oligodendrocyte myelin ([@bib26]). Whether oligodendrocyte remyelination plays a role in locomotor recovery remains unclear in this study, but a direct role seems unlikely as genetic inhibition of remyelination in mice did not impede spontaneous functional recovery in a comparable moderate contusion injury model ([@bib17]).

The enhanced endogenous SC response in SKP-SC transplanted animals suggests that the presence, even if transient, of SKP-SCs results in more endogenous myelinating and non-myelinating SCs at the injury epicenter. This agrees with data from experiments transplanting nerve-derived SCs ([@bib8], [@bib19]), olfactory ensheathing cells (OECs) ([@bib35]), bone marrow stromal cells ([@bib28]), and fibroblasts ([@bib36]) after SCI. Our fate-mapping work indicates that most of the SCs observed in the spinal cord of adult mice after contusion injury are derived from CNS OPCs ([@bib5]). In agreement, OPCs can become SCs after transplantation ([@bib38]) or chemical demyelination of the spinal cord in mice, where this phenomenon was primarily observed in areas lacking astrocytes ([@bib45]). Cell-specific deletion of STAT3 in astrocytes decreased remyelination by oligodendrocytes in favor of SCs ([@bib29]), and MBP/WNT signaling within the perivascular niche supports OPC differentiation into SCs after chemical demyelination ([@bib42]). Hence, our data suggest that transplanted SKP-SCs may promote the generation of SCs from OPCs in the chronically injured spinal cord.

Few pre-clinical cell transplantation studies have been performed in the chronic stage of spinal cord contusion or compression injuries and efficacy usually required co-treatments ([@bib40]). No behavioral improvements have been observed after chronic transplantation without co-treatments of, e.g., neural stem cells ([@bib23], [@bib24], [@bib31], [@bib33], [@bib37]), OECs ([@bib6]), or human embryonic stem cell-derived OPCs ([@bib25]) when those cells have been applied on their own in "chronic" pre-clinical SCI studies using rodents (i.e., ∼2 months or more after injury). Indeed, mouse neural stem/progenitor cells transplanted 7 weeks after clip compression injury in rats required combinatorial administration of chondroitinase ABC, minocycline, plus a cocktail of growth factors to achieve notable functional improvements ([@bib24]). Similarly, other co-treatments, such as γ-secretase inhibitors, treadmill training, and chondroitinase ABC are improving the outcomes of transplantation in the early chronic stages ([@bib30], [@bib32], [@bib39]). Taken together, the available data suggest that realizing functional improvements after long treatment delays is extremely challenging, particularly for cellular therapies delivered without co-treatments. With that in mind, the functional outcomes seen here with a single-cell therapy, SKP-SCs, applied at 8 wpi were highly encouraging. To our knowledge, only a couple of other chronic (approximately 6--8 wpi) spinal cord contusion studies have demonstrated any functional efficacy for a single-cell therapy in the absence of co-treatments ([@bib6], [@bib32]). One of these studies used SCs generated from peripheral nerves ([@bib6]). In addition to effects in the open field, our study found benefits in gait performance and reduced signs of bladder pathology for SKP-SC-treated animals.

The present work may represent an important step toward the development of an autologous or allogeneic transplantation protocol to treat chronic SCI with SCs generated from the skin, a highly accessible and available alternative to peripheral nerves. The number of people living with chronic SCI far outweighs the number who might benefit from acute treatments. The functional improvements and mitigation of SCI-related bladder pathology seen in this study after chronic transplantation of SKP-SC are encouraging as any long-term functional gain may have a positive impact on the health of the aging chronic SCI population. Nerve-derived SCs and SKP-SCs at the transcriptome level show only discrete differences between these cell types ([@bib27]), adding credence to the notion that SKP-SCs should perform similarly to their nerve-derived counterparts in clinical trials. However, pre-clinical experiments that address the safety and efficacy of human neonatal/adult SKP-SCs are required to determine whether autologous SKP-SC transplantation merits trials in humans with SCI.

Experimental Procedures {#sec4}
=======================

For the full details of all procedures, please see the [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}. In brief, 47 adult female Sprague-Dawley rats (Charles River, Wilmington, MA) were injured/treated. All procedures were approved by the Hospital for Sick Children Research Institute and the University of British Columbia Animal Care Committee in accordance with the guidelines of the Canadian Council on Animal Care. Behavioral and histological assessments were conducted and analyzed by individuals blinded to treatment. All group comparisons involved parametric or non-parametric analyses. The significance level for all tests was p \< 0.05; two-tailed.

SCI, Cell Culture, and Transplantation {#sec4.1}
--------------------------------------

All rats received a 200-kdyne thoracic contusion SCI at the T9/T10 vertebral level delivered via the Infinite Horizon Impactor (Precision Systems) while deeply anesthetized. As previously described ([@bib9]), primary rat SKPs were prepared from the back skin of neonatal (P0--P3) GFP-expressing Sprague-Dawley rats (SLC, Japan) and differentiated into SKP-SCs. At 8 weeks after SCI, 5 μL of medium alone or containing one million SKP-SCs, was stereotaxically injected into the contusion site. An additional group of rats received SCI only, to characterize the lesion site at TofT (8 wpi). Thirty-eight rats were included in the final analyses and grouped according to treatment as follows: "SKP-SC transplant" (received neonatal SKP-SCs; n = 15), "medium-injected control" (n = 15), and "TofT control" (n = 8).

Functional Assessment {#sec4.2}
---------------------

Functional locomotor abilities were assessed using the open field BBB score and subscore, footprint analysis, and the irregular horizontal ladder.

Histological Assessment {#sec4.3}
-----------------------

SKP-SC- and medium-treated rats were perfused with 4% paraformaldehyde at 29 wpi and the TofT control group was perfused at 8 wpi. Following cryoprotection and freezing, the spinal cords were sectioned longitudinally (each slide containing 10 sagittal sections spaced 200--220 μm apart) and the bladders were cut transversely (each slide containing two cross-sections of the bladder wall), both on a cryostat at 20 μm thickness. Using immunohistochemistry (see [Table S1](#mmc1){ref-type="supplementary-material"} for list of antibodies), all 10 longitudinal sections were analyzed to calculate lesion volume, transplant volume, P0 volume, P75NTR volume, average intact-appearing tissue, average tissue width, and GFAP intensity. Axon counts and GFP+ graft densities were performed on a subset of spinal cord sections.

For more details, see [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}.
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